Tapping mode atomic force microscopy was used to spatially resolve areas of different doping type and density on a static random access memory integrated circuit. The application of a dc bias applied between cantilever and sample during imaging results in a change in the tapping-mode phase contrast that depends on the doping density of the imaged area. Our experiments demonstrated that this method allows for distinguishing between p-and n-doped areas as well as distinguishing between regions of doping densities ranging from 10 16 to 10 20 cm -3 . © 1999 The Electrochemical Society. S1099-0062(99)03-112-2. All rights reserved.
Methods for characterizing doping patterns in submicrometerpatterned semiconductor circuits are becoming increasingly important as device structures continue to shrink. During the last several years, a variety of techniques for two-dimensional doping profiling were introduced. Currently, scanning capacitance microscopy (SCM), scanning Kelvin force microscopy (SKFM), and nanospreading resistance probe (nano-SRP) [1] [2] [3] [4] [5] show the most promise among these techniques for fulfilling the requirements specified by the National Roadmap for Semiconductor Technology (NRST). 6 These requirements include: 20 nm spatial resolution, 10% uncertainty in the dopant concentration determination and a sensitivity range for dopant concentrations from 1 x 10 14 to 1 x 10 20 cm -3 . Furthermore, it is desirable that the measurements are reproducible and nondestructive. The above mentioned scanning probe methods are at least partially capable of fulfilling these specifications, however each technique falls short for at least one of the requirements in the NRST. The greatest problems with SCM and SKFM are associated with inconsistencies in sample preparation. In the case of nano-SRP, the measurement results in damage to the sample surface. 7 Recently, we introduced a new tapping mode atomic force microscopy (TMAFM)-based technique that can laterally resolve regions of varying dopant density and type. 8, 9 This method uses TMAFM with an additionally applied dc bias between cantilever and sample. Depending on its polarity and magnitude, the bias introduces Coulomb forces between the cantilever and the sample surface. The relative strength of these forces is a function of the doping density. These minute variations in the Coulomb forces can be monitored as a change in the phase of the cantilever oscillation relative to the cantilever driving frequency (TMAFM uses a cantilever excited into resonance with an oscillating piezoelectric driver for the imaging process). 10 Topographic and doping level dependent phase images can be acquired simultaneously with this method by operating the microscope in the so-called interleave lift mode in which each line in an image is scanned twice. The first scan produces a standard TMAFM height image where the amplitude of the cantilever oscillation is monitored as a feedback signal. The second scan retraces the same line at a user defined height above the sample following the previously determined topography profile. This procedure results in the tip sample distance remaining constant during the second scan when the doping dependent phase image is measured. This procedure assures that the measured phase contrast depends exclusively on the electronic properties of the sample surface and avoids distance dependent Coulomb forces. It also eliminates short range dispersion forces that can dominate the tip-surface interactions at distances near contact.
In this paper, we tested this new method on a static random access memory (SRAM) integrated circuit device produced at Sandia National Laboratories using 0.6 µm complimentary metal oxide semiconductor (CMOS) technology. All experiments were carried out using a Nanoscope III multimode scanning probe microscope (Digital Instruments, Santa Barbara, CA) in which the sample stage was disconnected from ground and connected to a dc power supply, thus allowing application of a bias to the sample. A 10 MΩ resistor was put in series between the power supply and sample in order to protect the cantilever and the sample in case of electrical point contact. A conductive SESP cantilever (Digital Instruments, Santa Barbara, CA, Ni 2 Si 3 coated Si, spring constant 2-7 N/m) was used in all experiments. The SRAM's passivation, metal gate electrodes, oxide and silicide layers were removed by reactive ion etching RIE (O 2 , CF 4 , radio frequency 300 W) followed by an aluminum etch (16:1:1:1, phosphoric acid:nitric acid:acetic acid:H 2 O), and a HF etch (49% HF vol/vol). The sample was dipped in a 5% HF (vol/vol) solution to reduce the surface oxide layer to about 10-20 Å thickness before imaging.
A topographic TMAFM image of the investigated sample is shown in Fig. 1a . The imaged area is 40 x 40 µm. The height scale shows that the features on the imaged area extend to about 200 nm above the substrate. Figure 1b shows a top down doping schematic correlating the topographic features in Fig. 1a with doping type and density. The schematic indicates that the SRAM contains p-type areas ranging in doping density from 2 x 10 16 to 4 x 10 19 cm -3 (p-epi, n-channel, p-LDD, and P + ) and n-type areas whose doping densities range from 1 x 10 17 to 2 x 10 20 cm -3 (p-channel, n-well, n-LDD, and N + ).
In Fig. 2 , a series of seven TMAFM phase images taken of a portion of the same area in Fig. 1 are shown with sample biases ranging from -6 to +6 V at a 100 nm interleave lift height. The image to the left represents the zero bias case. This image shows a weak phase contrast, most likely related to the contact potential difference between the tip and sample. The contact potential difference by itself induces a weak Coulomb interaction between cantilever and sample. Topography related effects are excluded, since the edges of the protruding features would be expected to show scan direction dependent contrast, not seen in our measurements. Applying dc biases changes the phase contrast between the differently doped areas depending on the magnitude and direction of the applied bias. Similar to the results presented in Ref. 8 and 9 contrast reversal occurs upon switching the sign of the sample bias. Contrast reversal occurs when the surface charge density of one region exchanges with that of another region. Exchanging surface charge density results from changes in the depletion/accumulation conditions under opposite bias. The area with greater surface charge density shows a larger phase signal than that with a lower surface charge density. Also, biases higher than 6 V resulted in an attenuation of the phase contrast due to the strong accumulation of carriers at the surface on both n-and p-type areas. This is also in accordance with the results presented in Ref. 8 and 9 S1099-0062(99)03-112-2 CCC: $7.00 © The Electrochemical Society, Inc. where our proposed model for the contrast mechanism is discussed in detail. Figure 2 clearly demonstrates that the differently doped ntype areas yield clearly distinguishable phase signals. Figure 3 shows the -4 V phase image with the z-scale magnified by a factor of 4. At this magnification it can be seen that the phase contrast differences between the n-well and p-epi areas are easily distinguishable. At negative biases the n-type areas appear as dark with the highest doping density (N + ) appearing the darkest (highest phase contrast). The n-well, which has the second highest n-type doping density, appears dark and has the second highest phase contrast. Regions doped p-type appear as light at negative biases, however it is not as easy to determine the true shade of the P + regions due to micrometer-scale surface roughness in these regions. The overall doping density contrast range of the image allows us to estimate that the maximum doping density dynamic range is at least 10 16 to 10 20 cm -3 . The maximum lateral resolution has not yet been determined, since the samples investigated here and in Ref. 8 and 9 only demonstrate that the resolution is below 100 nm. Experiments to investigate the ultimate doping density dynamic range, the ability to resolve areas of different doping density, and the maximum achievable lateral resolution are currently under way using specially constructed calibration samples.
In conclusion, we investigated an SRAM integrated circuit pattern of known doping density using TMAFM with an additionally applied dc bias. Our results demonstrate that the technique is . TMAFM phase image of a SRAM devices taken with a lift height of 100 nm with ~4 V applied to the sample. Image is from the same scan as the ~4 V image in Fig. 2 , however, the z-scale has been collapsed in order to emphasize contrast between the n-well and p-epi structures.
capable of detecting doping densities from at least 10 16 to 10 20 cm -3 during a single scan. Furthermore, there is a general trend in the measurement indicating that at negative bias, the increasingly higher n-type dopant concentrations appear successively darker and higher p-type doping concentrations appear successively lighter. The opposite is true at positive biases. Our experiments also indicate that the lateral resolution of the method is below 100 nm. These results further suggest that this method has potential to become a valuable nondestructive method for two-dimensional dopant profiling of semiconductor devices and to satisfy the proposed specifications of the National Technology Roadmap for Semiconductors.
